Introduction
============

Phakic intraocular lenses (PIOL) for the treatment of myopia, approved by the US Food and Drug Administration (FDA) in September 2004,[@b1-opth-7-1477] work by diverging light rays so that the image of a viewed object is brought into focus onto the retina rather than in front of the retina. They can be placed either in the anterior chamber (in front of the iris) or in the posterior chamber (between the iris and the natural lens).[@b2-opth-7-1477]

PIOL surgery proved to be safer than excimer laser surgical correction for moderate to high myopia as it results in significantly less loss of best spectacle corrected visual acuity (BSCVA), better contrast sensitivity, and also scored higher on patient satisfaction/preference questionnaires. Moreover, they offer a broader range of treatable ametropia and faster visual recovery,[@b2-opth-7-1477]--[@b4-opth-7-1477] in addition to being a reversible procedure.[@b1-opth-7-1477]

PIOL insertion requires intraocular surgery which carries the risk of endophthalmitis, surgically induced astigmatism, corneal endothelial cell loss, chronic uveitis, pupillary block glaucoma, pigment dispersion syndrome, and cataracts. In addition, the lens power calculation and surgical implantation of PIOLs require special techniques and the long term outcomes of several types of PIOLs are unknown.[@b1-opth-7-1477]

In our study, we evaluated the visual outcome of two FDA approved PIOLs for the correction of myopia, namely, the Visian Implantable Collamer Lens (ICL; STAAR Surgical, Monrovia, CA, USA), a posterior chamber PIOL, and the AcrySof Cachet PIOL (Alcon Laboratories Inc, Fort Worth, TX, USA), an anterior chamber PIOL, in terms of higher order aberration alteration.

Patients and methods
====================

Our study was performed on 38 eyes from 29 patients with an age range of 23--32 years. They were divided into two groups; one group of 20 eyes received Visian ICL model V4c, another group of 18 eyes received an AcrySof Cachet PIOL. The study was performed with informed consent and following all the guidelines for experimental investigations required by the Ethics Committee of Faculty of Medicine, Cairo University.

The ICL is currently the most widely used posterior chamber PIOL. It incorporates material with increased biocompatibility known as Collamer (0.2% collagen and 60% hydroxylethyl methacrylate copolymer). This material attracts the deposition of a monolayer of fibronectin on the IOL surface that inhibits aqueous protein binding and makes the IOL invisible to the immune system. The ICL's design and materials were refined through a series of prototypes in different clinical trials.[@b5-opth-7-1477] The current model, the Visian ICL V4, is a rectangular single-piece IOL, 7.5 to 8.0 mm wide, available in four overall lengths: 11.5 to 13.0 mm in 0.5 mm steps for myopic correction and 11.0 to 12.5 mm in 0.5 mm steps for hyperopic correction. The optic diameter ranges from 4.65 to 5.5 mm in myopic ICLs, depending on the dioptric power. It is always 5.5 mm in hyperopic ICLs. The available power ranges from −3.0 to −23.0 diopter (D) for myopic IOLs, from +3.0 to +22.0 D for hyperopic ICLs, and with an added positive cylinder of +1.0 to +6.0 D for toric ICLs correcting myopia.[@b6-opth-7-1477],[@b7-opth-7-1477] A model has been recently introduced with a central hole to alleviate the need for a peripheral iridectomy.[@b8-opth-7-1477],[@b9-opth-7-1477]

The AcrySof Cachet is a single-piece, foldable, soft acrylic PIOL with a chemically bonded ultraviolet light-filtering chromophore (acrylate-methacrylate copolymer) and is intended for implantation in the anterior chamber angle.[@b10-opth-7-1477] All models have a 6.0 mm meniscus optic and are available in half diopter increments from −6.00 to −16.50 D; overall lengths are 12.5 mm, 13.0 mm, 13.5 mm, and 14.0 mm.[@b11-opth-7-1477] The haptics are designed to allow compression within the angle for IOL stability without creating excessive force that could cause angle tissue damage or pupil ovalization. The vault of the IOL is designed to provide optimal central clearance distance between the IOL and the cornea and the natural crystalline lens. These characteristics are intended to achieve predictable implantation, stable vaulting, and low compression forces on the angle while minimizing corneal endothelial cell loss, pupil ovalization, and cataract formation.[@b10-opth-7-1477]

All eyes had the same preoperative workup including scheimpflug imaging (Pentacam®, OCULUS Optikgerate GmbH, Wetzlar, Germany) to analyze corneal higher order aberrations (HOAs) as well as aberrometry (VisX Wavescan, Abbott Medical Optics, Santa Ana, CA, USA) for total wave-front analysis. The total HOA root mean square (RMS), total coma, and total spherical aberrations were recorded pre and 6 weeks postoperatively.

The ICL was implanted in 20 eyes, with a mean preoperative spherical equivalent of −12.9 D ± 2.38 (−20 D to −9 D) and a mean cylinder of −1.15 D ± 0.71 (−3 D to −0.5 D). The size was calculated based on the white to white (W-T-W) diameter after adding 0.5 mm to the measurement of the pentacam. On the day of surgery, the patients were given dilating and cycloplegic agents. Under the appropriate anesthetic technique, a model V4 ICL was inserted through a 3 mm clear corneal incision with the use of an injector cartridge (STAAR Surgical) after placement of an ophthalmic viscosurgical device (OVD) into the anterior chamber. The ICL was placed in the posterior chamber, the remaining OVD was completely washed out of the anterior chamber with balanced salt solution, and a miotic agent was instilled. A peripheral iridectomy was done using the vitreous cutter.

The AcrySof Cachet IOL was implanted in 18 eyes, with a mean preoperative spherical equivalent of −14.94 D ± 3.096 (−22 D to −11 D) and a mean cylinder of −1.75 D ± 1.16 (−4 D to 0 D). The size was calculated based on the W-T-W measured by the IOLMaster (Carl Zeiss, Jena, Germany). Before surgery, the pupil was constricted (pilocarpine 2%) to prevent potential contact with the crystalline lens. Under the appropriate anesthetic technique, pupillary constriction was secured by intracameral injection of acetylcholine chloride intraocular solution 1%. The IOL was inserted into the anterior chamber through a 2.6 mm clear corneal incision with the use of a Monarch III IOL delivery system (Alcon Laboratories Inc) after placement of an OVD tangentially into the angle, away from the pupil. The correct IOL position was verified and the OVD was removed by passive irrigation. Iridectomy or iridotomy at the time of surgery was not considered necessary and therefore was not performed.

Postoperative treatment for both groups included steroidal and antibiotic eye drops, administered four times daily for 2 weeks, and the dose was steadily reduced thereafter.

Bioptics,[@b12-opth-7-1477]--[@b14-opth-7-1477] in the form of a preoperative lasik flap creation 1-week before the phakic lens implantation, then a flap lift and wavefront-guided lasik 6 weeks later was performed on six patients in this study, whose refractive error was not within the range of correction offered by the phakic IOLs. One patient in the ICL group had high spherical error (−20 D), one patient in the Cachet group had high cylindrical error (4 D), and another four in the Cachet group had both high spherical (−22 D to −18 D) and cylindrical errors (3 D to 3.5 D). In these patients, the preoperative measurements were performed on the day of the phakic implant procedure, while the postoperative measurements were performed before the final laser-assisted in situ keratomileusis, to isolate the effect of the phakic implant on the HOAs. Also, three patients in the ICL group received toric implants.

Statistics were performed using the Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, WA, USA). *P* values less than 0.05 were considered an indication of a significant difference between the two groups.

Results
=======

Our study was performed on 38 eyes from 29 patients with an age range of 23--32 years, divided into two groups. The first group of 20 eyes received the Visian ICL model V4c (17 eyes received the spherical model and three eyes received the toric model). The second group of 18 eyes received an AcrySof Cachet PIOL. Significant change was evident in spherical equivalent refraction and spherical aberrations RMS (which changed from positive to negative) in each group separately and in the study population as a whole ([Figure 1](#f1-opth-7-1477){ref-type="fig"}). In the ICL group only, the cylindrical error also significantly improved. The pre and postoperative patient data are represented in [Table 1](#t1-opth-7-1477){ref-type="table"}.

Comparing the two groups preoperatively, the difference was not significant in any studied parameters, except for the preoperative spherical equivalent. This similarity encouraged us to compare the HOA between the two groups postoperatively and again, both IOLs performed similarly regarding their effect on HOAs. There was no significant difference between the two groups in terms of postoperative RMS of the total HOAs ([Figure 2](#f2-opth-7-1477){ref-type="fig"}), coma ([Figure 3](#f3-opth-7-1477){ref-type="fig"}), or spherical ([Figure 4](#f4-opth-7-1477){ref-type="fig"}) aberrations. Only the effective blur ([Figure 5](#f5-opth-7-1477){ref-type="fig"}) was significantly lower in the ICL group patients compared to the Cachet group ([Table 2](#t2-opth-7-1477){ref-type="table"}).

Again, with regards to the induction of HOAs ([Figure 6](#f6-opth-7-1477){ref-type="fig"}), both IOLs behaved similarly. The induction of total HOAs, coma-like aberrations, and spherical-like aberrations were −0.015 ± 0.026 μm (−0.05 to 0.03 μm), 0.011 ± 0.017 μm (−0.01 to 0.05 μm), and −0.14 ± 0.07 μm (−0.25 to 0.02 μm), respectively for the ICL group. The inductions of total HOAs, coma-like aberrations, and spherical-like aberrations were −0.0001 ± 0.039 μm (−0.1 to 0.06 μm), 0.006 ± 0.012 μm (−0.01 to 0.05 μm), and −0.09 ± 0.12 μm (−0.53 to 0 μm), respectively, for the Cachet group. The difference was not statistically significant *(P* = 0.21, 0.32, and 0.12 for the induction of total HOAs, coma-like aberrations, and spherical-like aberrations, respectively).

Discussion
==========

The goal of refractive surgery is to safely and predictably create a stable and desired refractive state without causing new optical problems. In order to correct myopia the refractive power of the eye must be decreased, either by corneal refractive surgery, flattening the curvature of the anterior corneal surface, or by lenticular refractive surgery, through insertion of a PIOL of appropriate power[@b2-opth-7-1477] or by refractive lens exchange.[@b15-opth-7-1477],[@b16-opth-7-1477] Although corneal surgery is the most common method used to treat low to moderate levels of myopia, it may not be the best option for high myopia due to various factors. It has also been shown that PIOLs provide better visual quality, faster visual recovery, excellent refractive accuracy and stability, improved visual acuity, preservation of accommodation, and reversibility when compared to corneal surgery.[@b7-opth-7-1477],[@b17-opth-7-1477]

Over the past few years, the concern with the ocular aberrations, especially HOAs, in any refractive surgical procedure is increasing.[@b11-opth-7-1477],[@b18-opth-7-1477],[@b19-opth-7-1477] In our study, our main concern was with the HOAs after implantation of two PIOLs, namely the posterior chamber Visian ICL PIOL and the anterior chamber AcrySof Cachet.

The most prevalent HOAs in studies of the normal population were from 3rd order (horizontal trefoil, vertical coma, horizontal coma, and oblique trefoil) and 4th order (horizontal and oblique tetrafoil, horizontal and vertical secondary astigmatism, and spherical) Zernike terms. The contribution of each HOA progressively decreased with order except the 4th order spherical aberration. Despite the variability between studies addressing this subject, the anterior corneal 4th order spherical aberration had positive values.[@b20-opth-7-1477] They represent a major component of HOAs[@b21-opth-7-1477] and exhibit a strong influence on image quality.[@b22-opth-7-1477] Higher contrast sensitivity values have been found in eyes with less spherical aberration.[@b23-opth-7-1477],[@b24-opth-7-1477] Phakic myopic implants, being minus lenses, are supposed to induce negative spherical aberrations. This should negate most of the corneal positive spherical aberrations or even exceed it.[@b11-opth-7-1477],[@b18-opth-7-1477],[@b25-opth-7-1477]

In this study, we evaluated the total and not internal HOA for two reasons; first to study the end effect of the lens after interacting with both internal and corneal HOAs especially spherical aberrations and second to include the changes that can occur in the corneal HOA due to the surgery itself, especially the incision[@b11-opth-7-1477],[@b18-opth-7-1477],[@b19-opth-7-1477] even though its small size should not have much impact on the outcome of the procedure.[@b26-opth-7-1477]

In our patient sample, the postoperative change in spherical aberrations RMS (from positive to negative) in each group separately and in the total study population was statistically significant due to the negative spherical aberrations induced by the PIOLs, while the total and coma aberration RMS change was not statistically significant ([Figure 1](#f1-opth-7-1477){ref-type="fig"} and [Table 1](#t1-opth-7-1477){ref-type="table"}). This was similar to the findings reported by Toso and Morselli[@b11-opth-7-1477] when studying the aberrometric performance of the Cachet PIOL as well as by Shin et al[@b19-opth-7-1477] and Kamiya et al[@b27-opth-7-1477] when evaluating the Visian ICL. Even in other studies that considered the patient satisfaction in terms of visual acuity, quality of vision or halos and glare, PIOL implantation proved to be better when the Cachet,[@b10-opth-7-1477],[@b28-opth-7-1477] ICL[@b17-opth-7-1477],[@b29-opth-7-1477] or both[@b26-opth-7-1477],[@b30-opth-7-1477] were evaluated.

Regarding the other parameters evaluated, there was a statistically significant improvement in postoperative spherical equivalent refraction in each group separately as well as in the total study population. This is expected as the PIOL corrected the pre-existing refractive error. Safety and efficacy of both PIOLs have been previously studied.[@b10-opth-7-1477],[@b17-opth-7-1477],[@b26-opth-7-1477],[@b28-opth-7-1477]--[@b30-opth-7-1477] The cylindrical error did not improve in the Cachet group as well as in the total study population as the implanted PIOLs didn't affect the pre-existing astigmatic error. This was not the case among the ICL group in whom the three toric ICLs were implanted, which significantly improved the pre- existing astigmatic error ([Table 1](#t1-opth-7-1477){ref-type="table"}). Toric IOLs were not used in other patients of the ICL group or those of the Cachet group due to availability issues.

When both PIOLs were compared ([Table 2](#t2-opth-7-1477){ref-type="table"}), no statistically significant difference existed between all preoperative parameters except for the spherical equivalent. Postoperatively, again both PIOLs showed similar behavior, with no statistically significant difference between all parameters including the induction of aberrations, except for the postoperative cylinder and the effective blur which were significantly better in the ICL group. The reduction in the cylindrical refraction in the ICL groups could be explained by the use of the three toric implants in this group, which resulted in a significantly lower postoperative cylindrical error compared to the Cachet group in whom no toric implants were used. The reduction in the postoperative cylindrical error in the ICL group, together with the ICL being implanted behind the iris (the shutter of the ocular optical system) could explain the effective blur being significantly lower in the ICL group compared to the Cachet PIOL which is implanted in the anterior chamber, in front of the iris with an unchanged astigmatic error.

Though each of the PIOLs studied in our work was evaluated separately in multiple previous studies,[@b10-opth-7-1477],[@b11-opth-7-1477],[@b17-opth-7-1477],[@b19-opth-7-1477],[@b26-opth-7-1477]--[@b30-opth-7-1477] to our knowledge, this is the first study to compare both PIOLs with respect to the induction of total HOAs, coma, and spherical aberrations. We found a similar behavior between both PIOLs in almost all parameters. Both PIOLs had no significant effect on the induction of total HOAs and coma aberrations, but significantly reduced the spherical aberrations in a similar manner. Evaluating both PIOLs on a larger population, with a longer follow up might yield more accurate and reliable results. Also, considering the toric models of both PIOLs in further, more comprehensive studies might add to our knowledge regarding the aberrometric performance of these implants.
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![HOA analysis.\
**Abbreviations:** HOA, higher order aberrations; ICL, implantable contact lens; Postop, postoperative; Preop, preoperative; SA, spherical aberrations.](opth-7-1477Fig1){#f1-opth-7-1477}

![Total HOAs in both groups.\
**Notes:** (**A**) Cachet. (**B**) Visian ICL.\
**Abbreviations:** HOA, higher order aberrations; ICL, implantable contact lens; post, postoperative; pre, preoperative.](opth-7-1477Fig2){#f2-opth-7-1477}

![Coma aberrations in both groups.\
**Notes:** (**A**) Cachet. (**B**) Visian ICL.\
**Abbreviations:** ICL, implantable contact lens; post, postoperative; pre, preoperative.](opth-7-1477Fig3){#f3-opth-7-1477}

![Spherical aberrations in both groups.\
**Notes:** (**A**) Cachet. (**B**) Visian ICL.\
**Abbreviations:** ICL, implantable contact lens; post, postoperative; pre, preoperative; SA, spherical aberrations.](opth-7-1477Fig4){#f4-opth-7-1477}

![Postoperative effective blur in both groups.\
**Abbreviations:** Eff, effective; ICL, implantable contact lens.](opth-7-1477Fig5){#f5-opth-7-1477}

![induction of ocular aberrations in both groups.\
**Notes:** (**A**) Total HOAs. (**B**) Coma aberrations. (**C**) Spherical aberrations.\
**Abbreviations:** D, delta; HOA, higher order aberrations; ICL, implantable contact lens; SA, spherical aberrations.](opth-7-1477Fig6){#f6-opth-7-1477}

###### 

Patient data in the study population

                              Preoperative                                                                    Postoperative                                                  *P*-value
  --------------------------- ------------------------------------------------------------------------------- -------------------------------------------------------------- -----------
  **ICL group (n = 20)**                                                                                                                                                     
  Spherical equivalent D      −12.9 ± 2.38                                                                    −1.015 ± 1.01                                                  \<0.001
  (mean ± SD)                 (−20 D to −9 D)                                                                 (−5 D to 0 D)[§](#tfn2-opth-7-1477){ref-type="table-fn"}       
  Cylinder D                  −1.15 ± 0.71                                                                    −0.7625 ± 0.39                                                 0.039
  (mean ± SD)                 (−3 D to −0.5 D)                                                                (−1.25 D to 0 D)[\*](#tfn3-opth-7-1477){ref-type="table-fn"}   
  Total HOA RMS μ             0.327 ± 0.08                                                                    0.3125 ± 0.068                                                 0.54
  (mean ± SD)                 (0.17 to 0.4)                                                                   (0.2 to 0.36)                                                  
  Coma aberration             0.194 ± 0.06                                                                    0.205 ± 0.059                                                  0.57
  RMS μ (mean ± SD)           (0.11 to 0.31)                                                                  (0.15 to 0.3)                                                  
  Spherical aberration        0.052 ± 0.039                                                                   −0.0925 ± 0.056                                                \<0.001
  RMS μ (mean ± SD)           (0 to 0.1)                                                                      (−0.15 to −0.02)                                               
  **Cachet group (n = 18)**                                                                                                                                                  
  Spherical equivalent D      −14.94 ± 3.096                                                                  −1.86 ± 1.87                                                   \<0.001
  (mean ± SD)                 (−22 D to −11 D) (−7 D to −0.25 D)[¥](#tfn4-opth-7-1477){ref-type="table-fn"}                                                                  
  Cylinder D                  −1.75 ± 1.16                                                                    −1.75 ± 1.16                                                   1
  (mean ± SD)                 (−4 D to 0 D)                                                                   (−4 D to 0 D)[¥](#tfn4-opth-7-1477){ref-type="table-fn"}       
  Total HOA RMS μ             0.394 ± 0.16                                                                    0.393 ± 0.15                                                   0.992
  (mean ± SD)                 (0.11 to 0.65)                                                                  (0.12 to 0.65)                                                 
  Coma aberration             0.186 ± 0.137                                                                   0.192 ± 0.14                                                   0.895
  RMS μ (mean ± SD)           (0.05 to 0.56)                                                                  (0.05 to 0.56)                                                 
  Spherical aberration        0.037 ± 0.084                                                                   −0.054 ± 0.091                                                 0.0039
  RMS μ (mean ± SD)           (−0.1 to 0.28)                                                                  (−0.25 to 0.13)                                                
  **All (n = 38)**                                                                                                                                                           
  Spherical equivalent D      −13.87 ± 2.896                                                                  −1.42 ± 1.52                                                   \<0.001
  (mean ± SD)                 (−22 D to −9 D)                                                                 (−7 D to 0 D)                                                  
  Cylinder D                  −1.43 ± 0.98                                                                    −1.23 ± 0.97                                                   0.366
  (mean ± SD)                 (−4 D to 0 D)                                                                   (−4 D to 0 D)                                                  
  Total HOA RMS μ             0.359 ± 0.13                                                                    0.35 ± 0.122                                                   0.786
  (mean ± SD)                 (0.11 to 0.65)                                                                  (0.12 to 0.65)                                                 
  Coma aberration             0.19 ± 0.1                                                                      0.199 ± 0.104                                                  0.715
  RMS μ (mean ± SD)           (0.05 to 0.56)                                                                  (0.05 to 0.56)                                                 
  Spherical aberration        0.045 ± 0.064                                                                   −0.074 ± 0.076                                                 \<0.001
  RMS μ (mean ± SD)           (−0.1 to 0.28)                                                                  (−0.25 to 0.13)                                                

**Notes:***P* \< 0.05 is considered statistically significant;

one bioptics procedure;

three toric ICLs implanted;

five bioptics procedures.

**Abbreviations:** D, diopter; HOA, higher order aberrations; ICL, implantable contact lens; RMS, root mean square; SD, standard deviation.

###### 

Comparison of the outcome between the two groups

                           ICL group (n = 20)                                             Cachet group (n = 18)                                          *P*-value
  ------------------------ -------------------------------------------------------------- -------------------------------------------------------------- -----------
  **Preoperative**                                                                                                                                       
  Spherical equivalent D   −12.9 ± 2.38                                                   −14.94 ± 3.096                                                 0.03
  (mean ± SD)              (−20 D to −9 D)                                                (−22 D to −11 D)                                               
  Cylinder D               −1.15 ± 0.71                                                   −1.75 ± 1.16                                                   0.068
  (mean ± SD)              (−3 D to −0.5 D)                                               (−4 D to 0 D)                                                  
  Total HOA RMS μ          0.327 ± 0.08                                                   0.394 ± 0.16                                                   0.13
  (mean ± SD)              (0.17 to 0.4)                                                  (0.05 to 0.56)                                                 
  Coma aberration          0.194 ± 0.06                                                   0.186 ± 0.137                                                  0.82
  RMS μ (mean ± SD)        (0.11 to 0.31)                                                 (0.05 to 0.56)                                                 
  Spherical aberration     0.052 ± 0.039                                                  0.037 ± 0.084                                                  0.5
  RMS μ (mean ± SD)        (0 to 0.1)                                                     (−0.1 to 0.28)                                                 
  **Postoperative**                                                                                                                                      
  Spherical equivalent D   −1.015 ± 1.01                                                  −1.86 ± 1.87                                                   0.099
  (mean ± SD)              (−5 D to 0 D)[§](#tfn7-opth-7-1477){ref-type="table-fn"}       (−7 D to −0.25 D)[¥](#tfn9-opth-7-1477){ref-type="table-fn"}   
  Cylinder D               −0.7625 ± 0.39                                                 −1.75 ± 1.16                                                   0.0025
  (mean ± SD)              (−1.25 D to 0 D)[\*](#tfn8-opth-7-1477){ref-type="table-fn"}   (−4 D to 0 D)[¥](#tfn9-opth-7-1477){ref-type="table-fn"}       
  Total HOA RMS μ          0.3125 ± 0.068                                                 0.393 ± 0.15                                                   0.053
  (mean ± SD)              (0.2 to 0.36)                                                  (0.12 to 0.65)                                                 
  Coma aberration          0.205 ± 0.059                                                  0.192 ± 0.14                                                   0.72
  RMS μ (mean ± SD)        (0.15 to 0.3)                                                  (0.05 to 0.56)                                                 
  Spherical aberration     −0.0925 ± 0.056                                                −0.054 ± 0.091                                                 0.13
  RMS μ (mean ± SD)        (−0.15 to −0.02)                                               (−0.25 to 0.13)                                                
  Effective blur μ         1.015 ± 1.27                                                   2.17 ± 1.53                                                    0.017
  (mean ± SD)              (0.5 to 6.3)                                                   (0.96 to 6.77)                                                 

**Notes:***P* \< 0.05 is considered statistically significant;

one bioptics procedure;

three toric ICLs implanted;

five bioptics procedures.

**Abbreviations:** D, diopter; HOA, higher order aberrations; ICL, implantable contact lens; RMS, root mean square; SD, standard deviation.
